Background: Cattle rearing in Cameroon is both economically and culturally important, however parasitic diseases detrimentally impact cattle productivity. In sub-Saharan Africa bovine fasciolosis is generally attributed to F. gigantica, although understanding of Fasciola species present and local epidemiology in individual countries is patchy. Partly limited by the lack of representative surveys and understanding of diagnostic test perfromance in local cattle populations. The aims of this paper were to determine the Fasciola species infecting cattle, develop a species specific serum antibody ELISA, assess the performance of the ELISA and use it to assess the prevalence of F. gigantica exposure in two important cattle-rearing areas of Cameroon. Results: A random sample of Fasciola parasites were collected and were all identified as F. gigantica (100%, CI:94.0-100%, n = 60) using RAPD-PCR analysis. A F. gigantica antibody ELISA was developed and initially a diagnostic cut-off was determined using a sample of known positive and negative cattle. The initial cut-off was used as starting point to estimate an optimal cut-off to estimate the best combination of sensitivity and specificity. This was achieved through sampling a naturally infected population with known infection status (cattle slaughtered at Bamenda abattoir, North West Region (n = 1112) and Ngaoundere abattoir, Vina Division, Adamawa Region (n = 776) in Cameroon). These cattle were tested and results analysed using a Bayesian non-gold standard method. The optimal cut-off was 23.5, which gave a sensitivity of 65.3% and a specificity of 65.2%. The prevalence of exposure to F. gigantica was higher in cattle in Ngaoundere (56.4% CI: 50.2-60.0%) than Bamenda (0.6% CI: 0.0-1.4%). Conclusion: Fasciola gigantica was identified as the predominant Fasciola species in Cameroon. Although the sensitivity and specificity F. gigantica antibody ELISA requires improvement, the test has shown to be a potentially useful tool in epidemiological studies. Highlighting the need for better understanding of the impact of F. gigantica infections on cattle production in Cameroon to improve cattle production in the pastoral systems of Central-West Africa. This paper also highlights that non-gold standard latent class methods are useful for assessing diagnostic test performance in naturally-infected animal populations in resource limited settings.
Background
Infection with Fasciola species has been reported in a wide variety of mammalian species globally including cattle, sheep and humans [1] . Infection impacts on livestock production, animal health and welfare globally [2] [3] [4] [5] . Chronic infections in cattle can result in disease, termed fasciolosis, presenting as weight loss, reduced milk yields and poor reproductive performance with an estimated global cost €2.5 million per annum [6] . Also bovine Fasciola species infections have recently been in the spotlight as bovine tuberculosis (bTB) and Fasciola species co-infected cattle have been shown to have down regulated Th1 immune responses affecting diagnosis of bTB [7, 8] . Frequent surveillance and forecasting of fasciolosis occurs in high income countries yet fasciolosis surveillance in many parts of sub-Saharan Africa (SSA) is minimal or infrequent [9] [10] [11] . Fasciolosis can be caused by two species of Fasciola, F. hepatica generally occurring in temperate or higher altitude tropical climates and F. gigantica limited to lower altitude tropical and sub-tropical climates [1, 12] . In most of SSA F. gigantica is believed to predominate, due to the ubiquitous presence of the intermediate hosts, including aquatic snail species such as Lymnaea natalensis [13] [14] [15] [16] .
Traditionally infection with Fasciola species is diagnosed either by faecal worm egg counts (FWEC), or by identification of parasites in the liver at post mortem examination (PME). FWECs are labour intensive and sensitivity can be low (69-90%) due to the volume of faeces produced by cattle and/or presence of immature parasites [1, 17] . Similarly, abattoir PME surveillance can miss early stages of Fasciola species [18] . Antibody diagnosis has been used to assess exposure to fluke in many countries and has the advantage of relatively high sensitivity (97-100%) and specificity (96-100%) [19] and ability to screen many cattle quickly. A variety of Fasciola antigens have been used to develop antibody diagnostics for use in ruminants based upon excretory/ secretory (E/S) antigens collected from adult Fasciola parasites [19] [20] [21] . However the majority of diagnostics have been developed for F. hepatica diagnosis with far fewer described specifically for F. gigantica [22] [23] [24] [25] .
There is a large population of approximately 6 million cattle in Cameroon which are integral economically, nutritionally and culturally to communities such as pastoralists predominately of Fulani origin, in the Northern Regions of Cameroon [26, 27] . These pastoral communities rear cattle in an extensive system on communal pasture and many still take their cattle on seasonal transhumance [28, 29] . Furthermore cattle trade is important not only nationally but to the wider central-west African region with cattle exports to neighbouring Nigeria, Gabon and Congo [30] . Previous reports suggest that F. gigantica occurs in cattle in Cameroon, but there have been few studies confirming that F. gigantica is the predominant species or that describe its local epidemiology [31] [32] [33] . Due to the potential economic impact on cattle production it is important to estimate levels of exposure and identify risk factors for Fasciola species infection. Improved understanding of the epidemiology of F. giganica may help identify interventions or particular risk regions where controls are most needed especially within these extensive pastoral grazing systems that extend to neighbouring countries. Hence our aims were to determine whether F. gigantica was the predominant species of Fasciola present in Cameroon and develop and assess the performance the F. gigantica antibody enzyme-linked immunosorbent assay (ELISA). Finally, to estimate the prevalence of F. gigantica in Cameroonian cattle populations.
Results

Fasciola species
On gross appearance all parasites had characteristics of F. gigantica including slender shoulders and a long tapered shape (Fig. 1) [12, 34, 35] . Subsequently all Fasciola parasites tested by RAPD-derived sequence polymerase chain reaction (PCR) were identified as F. gigantica (100%, CI: 94.0-100%, n = 60).
Development of a Fasciola gigantica antibody ELISA
All 20 parasites used to produce the two composite antigen preparations, ES101 and ES102, were identified as F. gigantica. Composite ES102 was selected to be used to develop the F. gigantica antibody ELISA (614 μg/ml) as the protein concentration of composite ES101 was low (100 μg/ml).
A total of 92 positive (n = 20) and negative (n = 72) cattle sera were tested using the ELISA. A receiver operating curve (ROC) was generated to select a positive cut-off value that achieved optimal sensitivity and specificity (Additional file 1). A positive cut-off value of 12.8% positive (PP) achieved best compromise in sensitivity (85.0%; 95% CI: 62.1-96.8%) and specificity (90.3%; 95% CI: 81.0-96.0%). This cut-off was then fine-tuned using a naturally infected cattle population from the abattoir cross-sectional study (n = 1888). A cut-off of 23.4 PP was chosen, which gave a sensitivity of 65.3% (95% CI 61.0-70.0%) and specificity of 65.2% (95% CI 62.5-67.8%). Figure 2 shows the range of cut-offs considered before the final cut-off was chosen and Fig. 3 shows the posterior probability distributions estimated by the NGS model. The posterior distributions represent the revised probability distribution of each parameter estimated by the model based on prior information and observed data.
Prevalence of Fasciola gigantica in Cameroonian cattle
Subsequently, F. gigantica prevalence was estimated using no gold standard analysis using results from both meat inspection and the ELISA. Fasciola gigantica prevalence was higher in Ngaoundere abattoir, Vina Division (VD) (56.4% CI: 50.2-60.0%) than the Bamenda abattoir, North West Region (NWR) (0.6% CI: 0.0-1.4%).
Discussion
This is the first time in Cameroon, and the Central-West African region, that F. gigantica infections in cattle have been confirmed using PCR techniques. The F. gigantica antibody ELISA had reasonable sensitivity and specificity. The abattoir cross sectional study showed that exposure to F. gigantica is common. All 60 parasites obtained from abattoirs in two different regions of Cameroon were identified as F. gigantica, suggesting that this species is the predominant Fasciola species in Cameroon. This confirms previous studies in the country where morphology was used to identify F. gigantica as the most prevalent species in the country [32, 33] and the surrounding Central-West African region [14, 15] . The distribution of F. gigantica is dictated by the distribution of the snail intermediate host, L. natalensis, which prefers humid tropical climates found across many regions of SSA [1, 36] . L. truncatula, the intermediate host of F. hepatica prefers cooler temperate climates. Geographical distribution of Fasciola species across Africa is only partially understood but pockets of F. hepatica do occur where the climate is favourable, especially in East Africa [36] [37] [38] [39] . In Cameroon imports of European cattle, from East Africa and outside the continent, could have brought F. hepatica into areas where the intermediate host is present [40, 41] . However, our abattoir study shows no evidence of F. hepatica in four major cattle rearing Regions in Cameroon.
The F. gigantica ELISA had a diagnostic sensitivity of 65.3% (95% CI 61.0-70.0%) and specificity of 65.3 65.2% (95% CI 62.5-67.8%) at a cut off of 23.4 PP. The sensitivity and specificity for our test were lower than other F. gigantica antibody detection ELISAs (Sensitivity: 81.8-100% and specificity: 91.6-98.9% [23, [42] [43] [44] [45] ) and the F. hepatica ELISA it was based on (sensitivity: 98.0% CI: 96.0-100% and specificity: 98.90% CI: 93.0-98.0% [24] ). To assess the diagnostic performance of our ELISA, we used a large sample (n = 1888) of natural infected cattle with information on liver rejections due to Fasciola infection by meat inspectors. This enabled us to use a non-gold standard diagnostic test comparison approach. This is the first time a non-gold standard approach has been used for assessessing Fasciola diagnostics in this environment and has the benefit of assessing the diagnostic performance in a real-world setting, where a variety of disease states and parasitic burdens exist. Although there are limitations to this approach, this method provides a more realistic estimate of the performance of this diagnostic test for estimating prevalence and highlights areas for further improvement.
The lower estimated sensitivity and specificity could be influenced by factors associated with the sample of animals tested. For the animals that were defined negative by the ELISA, it is possible that liver damage was caused by other infectious agents or that the F. gigantica burden was very low. The magnitude of the antibody responses has been shown to correlate with burden of F. gigantica in cattle [46] and cattle infected with low burdens of F. hepatica have been shown to have absent or lower E/S antigen specific Immunoglobulin G (IgG) responses [19] . Here the F. gigantica burden of positive cattle was unknown and is likely to have fluctuated throughout their lives. IgG responses may be influenced by fluctuations in total parasite burden overtime [47] . Cross-reactions with other helminth infections could have contributed to false positives. Rumen flukes, such as Calicophoron daubneyi and Paramphistomum cervi, have been reported to cross-react with F. hepatica in ELISAs [22, 48] . In our study, cattle sampled in the abattoir cross-sectional study were not tested for other co-infections. Hence cross-reactions with other parasites, particularly other trematodes such as schistosomes and rumen flukes present in Cameroon, could not be ruled out in this study. It is also possible that cattle that have been treated with anthelmintic can have a residual antibody responses despite effective anthelmintic treatment [46, 49] . Albendazole, which is effective against adult Fasciola parasites, is available in Cameroon and it was unknown if cattle in the abattoir study were treated with anthelmintic. It is possible that cattle defined as Fasciola negative on post-mortem, could have had previous Fasciola infection at low enough levels to stimulate a historic antibody response. Thus, our results highlight that test performance of F. gigantica ELISAs should be further investigated across the variety of infection and disease states, to avoid over-estimation of test performance in naturally infected populations.
By using a non-gold standard approach, we can take into account real-world test performance to estimate prevalence of exposure to F. gigantica in cattle in Cameroon. Using this latent class method, a very prevalence was found in the Ngaoundere abattoir, VD (56.4% CI: 50.2-60.0%) and to a lesser extent in Bamenda abattoir, NWR (0.6% CI: 0.0-1.4%). Bovine F. gigantica infections have been associated with 22 kg per animal reduction in live-weight gains in yearling cattle [50] and economic losses due to liver condemnations [51] . Poor weight gain has been highlighted as a production-limiting factor in cattle production in Cameroon [52] and could be partly attributed to active F. gigantica infections. Previous abattoir studies have reported higher prevalence in slaughtered cattle in Cameroon (~80%) [32, 33, 53] [54] which could be related to a variety of diseases other than fasciolosis. As previously mentioned, the majority of cattle slaughtered in Bamenda abattoir originated from the NWR and those slaughtered in Ngaoundere abattoir from the VD. The results of this study suggest that the VD had a higher seroprevalence than the NWR. Foci of higher prevalence could be related to local climatic conditions for intermediate host stages and local cattle husbandry practices [55, 56] . Improved performance of the F. gigantica ELISA would be useful to identify risk factors for exposure to identify infection control points in Cameroon. Future work should investigate the impact of parasite burden/ stage post-exposure on ELISA sensitivity and co-infection cross reactions that may affect ELISA specificity.
Conclusions
Although the sensitivity and specificity F. gigantica antibody ELISA need improvement, the test has shown to be a potentially useful tool in epidemiological studies where F. gigantica exposure is a concern in cattle populations. Fasciola gigantica was identified as the predominant Fasciola species in Cameroon and a seroprevalence study showed that over a third of cattle show evidence of exposure. Whilst herdsmen are aware of fasciolosis, the economic and health costs to cattle production remain unclear [28] . With increasing demand for animal protein in the country [57] , understanding the impact of F. gigantica infections on cattle production in Cameroon is needed to determine if better control strategies are required to improve cattle production in the pastoral systems of Central-West Africa.
Methods
Determination of Fasciola species by RAPD-derived sequence PCR
A convenience sample of Fasciola species parasites were collected from cattle from four abattoirs in Cameroon during [2012] [2013] (Fig. 4) The basic physical appearance of whole parasites was noted and compared to gross descriptions of F. hepatica and F. gigantica parasites [12, 34, 35] . Live adult Fasciola parasites were washed six times in sterile PBS to remove liver tissue, bile and blood. Parasites were then preserved in 70-100% ethanol at time of collection, stored at -20°C in the Tuberculosis Reference Laboratory (TBRL), Bamenda, Cameroon. Samples were subsequently transported to the Veterinary Parasitology Department, University of Liverpool, Liverpool UK to determine Fasciola species.
Determination of Fasciola species was conducted using two RAPD-derived sequence PCRs for F. gigantica and F. hepatica (n = 60) using the method described by McGarry et al. (2007) . Briefly, 25 μg of tissue was removed from the caudal portion of each parasite. Each sample was washed six times in sterile PBS and ethanol was allowed to evaporate for two hours before genomic DNA was extracted using a DNeasy® blood and tissue kit (QIAGEN® Crawley, UK) and used the same day. Primer set one for F. hepatica, was Forward primer: 5'GCG GCC AAA TAT GAG TCA-3′ and reverse primer: 5'-CTG GAG ATT CCG GTT ACC AA-3′ of 568 bp. Primer set two, for F. gigantica, Forward primer: 5′-GTT CAG GTG ACA AGC CAA-3′ and reverse primer: 5'-ATC ACA CCG TGA AGC AGA-3′ of 396-bp. Each PCR contained 12.5 μl of BioMix®Red (1X, Bioline®, Sydney, Australia), 0.5 μl of 10 μmol forward primer from set one or two, 0.5 μl of 10 μmol reverse primer set one or two (final concentration of both primers 0.2 μmol, 10.5 μl of sterile water and 1.0 μl of template DNA (> 10 ng) from sampled parasites (Total volume 25 μl). For the F. hepatica primer set, the thermocycler (Biometra® T3 Thermocycler) PCR conditions were 95°C initial denaturation for 15mins; 30 cycles of 94°C for 30s, 54°C for 40s and 72°C for 1 min; and a final 72°C 3 min extension. For the F. gigantica primer set PCR, the thermocycler was set at 95°C for 15mins; 30 cycles of 94°C for 30s, 56°C for 40s and 72°C for 1 min; a final 72°C 3 min extension. The positive F. hepatica control was from a cow in the UK infected with F. hepatica. Positive F. gigantica control was from a Ugandan cow naturally infected with F. gigantica. A sample of bovine DNA and a sample of sterile water were used as negative controls in each PCR and a 100 bp DNA ladder (GENEFLOW®) was used. PCR products were stained with 10 μl in 100 ml SYBRsafe® (1X, Life technologies®) and Fig. 4 A map of Cameroon (grey) with the main cattle rearing areas highlighted (light grey) and adjacent countries (white). The location of four regional abattoirs, the country's capital (italic capital letters) and other major cities are highlighted (red). The North West Region (NWR) and Vina Division (VD) study sites are shown in pink and blue respectively separated in 1.5% agarose gel for 45mins at 150 V. Separated PCR products were visualised in ultraviolet light (UV) by trans-illumination. PCR results were compared to determine the species of parasite.
Development of a Fasciola gigantica serum antibody ELISA E/S antigen collection A total of 92 live Fasciola species parasites were collected from two cattle [34, 48] slaughtered at Bamenda abattoir and these parasites were used to produce the E/S antigen. Antigen preparation was undertaken in the TBRL, Bamenda, NWR, Cameroon. Live parasites were washed six times in sterile PBS and then six times with RPMI tissue culture medium to remove liver tissue, bile and blood with being allowed to purge for an hour prior incubation. Parasites were then incubated in 1 ml of RPMI medium for 12 h at 37°C in a humidified atmosphere in a poultry hatching incubator (Hova-Bator® Incubator 37C&60E). At the end of the incubation, the flukes were checked to confirm they were still alive and then the supernatant was collected and centrifuged at 10,000 g for 30 min at 4°C to remove particulate material. Supernatants were further filtered by passing through individual 0.22 μm filters (Sartorius, Minisart® 16,532 K). Samples were stored at -20°C in aliquots and transported refrigerated to the Roslin Institute, Royal (Dick) School of Veterinary Studies (RDSVS), University of Edinburgh, UK. The parasites from each well were stored in 100% ethanol and the RAPD PCR used to establish the species of each individual parasite. E/S antigen supernatants from 10 F. gigantica, confirmed by PCR, were pooled into two composites. Protein concentration of E/S antigen composites was measured using a total protein assay (Coomassie Plus (Bradford) assay, Thermo Scientific®). A protein concentration of 100-1500μg/ml was considered adequate for use in the ELISA protocol.
ELISA laboratory method
A protocol used for a F. hepatica antibody ELISA was modified to develop a F. gigantica antibody ELISA using E/S antigen as described [24] . Immulon-2 ELISA 96-well plates were coated with 100 μl of 1 μg/ml F. gigantica E/ S antigen in 0.1 M carbonate buffer (pH 9.6). Plates were incubated for 1 h at room temperature and then refrigerated at 2-4°C overnight. Plates were then washed six times (Two short washes and one five minute wash repeated twice) with pH 7.2 PBS containing 0.05% Tween-20 (PBS-Tween). Each well was then blocked with 200ul of blocking buffer for 1 h at 37°C (4% skimmed powder (Marvel, Premier International Foods®, Spalding UK) in PBS-Tween. Plates were washed six times, and 100 μl of sera diluted 1:200 in blocking buffer added to each well. The positive control used was serum collected from an animal identified in Bamenda abattoir positive for F. gigantica infection at meat inspection and confirmed as F. gigantica by PCR. A Fasciola species negative cow, which had been kept indoors throughout her life at Ness Heath Farm (University of Liverpool, Cheshire UK), was used as the negative control serum. Positive and negative controls were added to the plate in duplicate, at the same concentration as the test sera, and incubated at 37°C for 1 h. The plates were again washed and 100 μl of 1:1500 mouse anti-bovine IgG HRP conjugate (Serotec®, UK) in blocking buffer added then the plates were incubated at 37°C for 1 h. After washing, 100 μl of TMB substrate (Acetate buffer pH 5 and tetramethylbenzidine in a methanol based solution, MAST Diagnostics, Bootle, Merseyside, UK) was added and incubated at room temperature for 20 mins in the dark. Finally 100 μl of stopping solution (10% Hydrochloric acid) was added and the colour change measured at 450 nm using an automated microplate reader (Thermoscientific® Multiskan Go). The results were obtained as an optical density (OD) and expressed as a PP value:
PP ¼ OD of test sample Mean OD of positive control X 100
Known positive and negative cattle
To calculate an initial diagnostic cut-off value for the ELISA, serum samples from cattle of known positive and negative F. gigantica status were used. Known naturally infected F. gigantica positive cattle (n = 20) were identified at meat inspection and cases were confirmed grossly by investigators (R. F. Kelly and S. Mazeri) as part of this study. Ten cattle from Bamenda abattoir and 10 cattle from Ngaoundere abattoir were used in the analysis. The F. gigantica negative cattle (n = 72) included cattle sampled in the United Kingdom (UK) and Cameroon. Due to differences in sampling methodology, the definition of known negative status differed for cattle sampled in the UK and Cameroon. Cattle sampled in the UK were kindly donated from a cross-sectional abattoir study conducted in 2013-14 (n = 20) [48] . Cattle were known to be Fasciola species negative by FWEC, detailed liver PME, F. hepatica serum antibody ELISA and F. hepatica copro-antigen ELISA [19, 24] . Furthermore F. gigantica has never been diagnosed in UK cattle populations. To increase the sample size an additional 57 dairy cattle sampled in Cameroon, which had all been treated with anthelmintic (Albendazole) in the past 12 months and kept housed during that time, were assumed for the purposes of this analysis to be F. gigantica negative.
Abattoir cross-sectional study
To determine the optimal diagnostic cut off value for the ELISA, the test was further evaluated and prevalence estimated using samples from a naturally infected cattle population. Slaughtered cattle were sampled from Bamenda and Ngaoundere abattoirs during a cross-sectional study investigating bovine tuberculosis [58] . This included 1112 cattle from Bamenda abattoir and 776 from Ngaoundere abattoirs, originating from the local area [58] . As previously described, cattle slaughtered in Bamenda and Ngaoundere abattoirs originated from the NWR and part of the AR respectly. For all slaughted cattle, liver inspection by the meat hygiene service for evidence of Fasciola infection was recorded and whole blood samples were taken using 6 ml plain vacutainers. Whole blood samples were stored between 10°C to 26°C for up to 24 h to allow blood to clot. The vacutainers were centrifuged at 3000 g for 10 min at room temperature (22°C +/-5°C) to separate the serum. After centrifugation 0.5-1.5 ml of serum per vacutainer was transferred into a pre-labelled 1.8 ml cryovial and stored at -20°C. Serum samples were heat treated at 56°C in a waterbath. Serum samples were then transported to the UK, continued to be stored at -20°C, and at the Roslin Institute (RDSVS, Edinburgh, UK) and subsequently tested using the ELISA in March-April 2014.
Statistical analysis
Statistical analyses were performed using several packages of the R Statistical Software environment [59] . Graphics were produced using the ggplot2 [60] and ggmcmc [61] packages.
Determining a positive cut off value
Samples of known positive or negative status as described above were used to identify an initial cut-off for the ELISA using a ROC analysis. This analysis selects a suitable positive cut-off OD value based on the best combination of sensitivity and specificity of the F. gigantica ELISA. ROC curve was plotted using the pROC package and was used to estimate the optimal cut-off point for the ELISA [62] .
No gold standard diagnostic test comparison
A Bayesian no gold standard (NGS) approach was used to estimate the diagnostic ability of F. gigantica ELISA in a naturally infected cattle population using binary results of meat inspection and ELISA on cattle sampled in the two abattoirs. This approach, introduced by Hui & Walter [63] , is a latent class approach that enables the evaluation of diagnostic tests when a "gold standard" is not available. Probabilities of all the possible combinations of test outcomes conditional on the unknown disease status are specified using the sensitivity (Se) and specificity (Sp) of each test (1 -Meat inspection and 2 -ELISA) and the prevalence (p) of each sub-population (Bamenda and Ngaoundere abattoir) [48] . For example, the probability of obtaining a positive result by meat inspection and negative by the ELISA would be:
The Bayesian adaptation incorporates prior knowledge by specifying prior distributions for test sensitivities, specificities and prevalence. For this model, we used vague priors for all estimates except the specificity of meat inspection which is known to be very high [48] . Priors used are shown in Table 1 . Starting from the cut-off identified using a limited number of known negative and positive samples, the no gold standard analysis was repeated using a range of cut-offs until the optimal Se and Sp were identified. This model also enabled us to estimate prevalence of exposure to Fasciola in animals slaughtered in the two abattoirs. Sp (meat inspection) dbeta [1, 9] Se (ELISA) dbeta [1] Sp (ELISA) dbeta [1] 
